Recent studies suggest that multiple myeloma (MM) induces proliferation and expansion of bone marrow (BM) mesenchymal stem cells (MSCs), but others showed that MM cells induce MSC senescence. To clarify the interaction between MM and MSCs, we exploited our established MSC gene signature to identify gene expression changes in myeloma MSCs and associated functional differences. Single MSCs from patients with MM had changes in expression of genes associated with cellular proliferation and senescence and a higher proportion of senescent cells and lower proliferative potential than those from age-matched healthy donors. Single MSCs from both sources heterogeneously express MSC genes associated with adipogenesis and osteoblastogenesis. We identified the gene encoding insulinlike growth factor-binding protein 2 (IGFBP2), an MSC gene commonly altered in high risk MM, as under-expressed. Morphologically, IGFBP2+ cells are underrepresented in MM BM compared to smouldering MM. Strong IGFBP2 and adiponectin co-expression was detected in a subset of small adipocytes. Co-culturing normal MSCs with myeloma cells suppressed MSC differentiation to adipocytes and osteoblasts, and reduced expression of IGFBP2 and adiponectin. Recombinant IGFBP2 blocked IGF1-mediated myeloma cell growth. Our data demonstrate that myeloma MSCs are less proliferative and that IGFBP2+ small adipocytes are a distinct mesenchymal cell population suppressed by myeloma.
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Bone marrow (BM) mesenchymal stem cells (MSCs) are a rare population of stem cells that give rise to lineages such as osteogenic cells, adipocytes and pericytes. MSCs and their lineages comprise heterogeneous cell populations based on their localization and molecular properties (Morrison & Scadden, 2014) . The main function of these cells in BM is formation of endosteal and perivascular niches (Crane et al, 2017) . Both of these niches are disrupted in multiple myeloma (MM), as evidenced by the presence of neoangiogenesis, osteolytic lesions, impaired haematopoiesis and immunosuppression (Yaccoby, 2010a; Paiva et al, 2011; Bruns et al, 2012; Vacca et al, 2014) , and the changes allow a subset of MM cells to escape dormancy and proliferate (Lawson et al, 2015) .
Most studies on MSCs in MM have used cultures of expanded MSCs or MSC lines in in vitro and in vivo models (Xu et al, 2018) . The profiles of gene expression (Corre et al, 2007; Garcia-Gomez et al, 2014) , proteins (Slany et al, 2014) and microRNA (Reagan et al, 2014; Berenstein et al, 2015) of cultured MSCs generated from MM patients differ from those of healthy donors. The effects of MM on MSCs and their lineages in vivo are extensive and only partially understood. Recent studies suggest that MM induces proliferation and expansion of MSCs (Frassanito et al, 2014; Noll et al, 2014) , but other studies showed that MM cells elicit a premature senescence phenotype in MSCs (Andre et al, 2013) . Osteoblasts and osteocytes are suppressed, particularly in areas of MM involvement (Bataille et al, 1991; Giuliani et al, 2012) and factors highly produced by these cells [e.g., CCN1 (Johnson et al, 2014) , decorin (Li et al, 2008) ] restrain MM growth.
BM MSCs can differentiate into adipocytes, which increase with age and are considered negative regulators of haematopoiesis (Naveiras et al, 2009) . The effects of MM on BM adipocytes remain to be elucidated (Morris & Edwards, 2018) . Although adipocytes are evident in interstitial BM and support MM growth in vitro (Trotter et al, 2016; Fairfield et al, 2018) , adiponectin, an adipogenic factor, has been shown to induce anti-MM activity and is suppressed in MM (Fowler et al, 2011) . Recent studies identified 'regulated' adipocytes that are smaller in size than constitutively present large adipocytes (Scheller et al, 2015) , and that function as an endocrine tissue (Cawthorn et al, 2014) , suggesting that BM adipocytes are heterogeneous.
We recently established a signature of MSC gene expression in whole bone biopsy samples and showed that it changed in association with patients' outcomes (Schinke et al, 2018) . To elucidate whether these changes reflect an altered proportion of MSCs, we studied the properties of unexpanded single MSCs and exploited the MSC signature to identify a novel subset of small adipocytes whose proportion was altered with disease stage and molecularly defined risk status.
Materials and methods

Cell and tissue samples
BM aspirates and biopsy samples were obtained from random BM (RBM) of the iliac crest or from computed tomography-guided fine-needle biopsies of magnetic resonance imaging-defined focal lesions (FLs) of patients enrolled in our Total Therapy clinical trials (registration numbers NCT00083551, NCT00081939, NCT00572169, NCT00734877, NCT00869232) before initiation of treatment (details of these clinical trials have been reported) (Nair et al, 2010; van Rhee et al, 2014) . Similarly, control samples for gene expression profiling (GEP) were obtained from BM of healthy donors (Schinke et al, 2018) .
For MSC generation, samples were obtained from femur heads of age-matched individuals who underwent orthopaedic surgery at the University of Arkansas for Medical Sciences. All patients and donors signed written informed consent for the reported investigations and relevant clinical trial participation. All protocols were approved by the institutional review board, and clinical results have been reported annually. CD138 (SDC1)-expressing plasma cells were isolated as previously described (Zhan et al, 2006) . MSCs were characterized as we previously described Pennisi et al, 2009; Li et al, 2011 Li et al, , 2012 .
Gene expression profiling (GEP)
GEP was performed with the Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA), as previously described (Zhan et al, 2006; Shaughnessy, Jr. et al, 2007) .
Whole biopsies were snap-frozen in liquid nitrogen. Frozen bones were ground thoroughly in liquid nitrogen with a mortar and pestle. The tissue powder and liquid nitrogen were decanted into a cooled tube, and the liquid nitrogen was allowed to evaporate. RNA was isolated as previously described (Zhan et al, 2006) . GEP data from MM cell samples of patients enrolled in our Total Therapy 3 (TT3) clinical trial were deposited at Gene Expression Omnibus (GEO: GSE2658). GEP-based scores used to define low-risk (LR) and high-risk (HR) MM and molecular subgroups in MM cells were previously described (Zhan et al, 2006; Shaughnessy, Jr. et al, 2007) . GEP data were available for baseline BM biopsy samples from healthy donors (n = 68); patients with monoclonal gammopathy of undetermined significance (MGUS: n = 38), smouldering MM (SMM; n = 52), and presenting cases of LR (n = 467) and HR (n = 64) MM; and from focal lesion (FL) samples (n = 178). Also, paired samples (i.e., from the same patient) of RBM and FL biopsy (n = 77) were available.
Identification of mesenchymal stem cell (MSC) genes
Identification of MSC genes was performed as previously described (Schinke et al, 2018) . Briefly, to identify genes that are highly expressed by MSCs in comparison to haematopoietic or MM cells, we analysed GEP data from samples of cultured MSCs (n = 30) (Pennisi et al, 2009; Li et al, 2012) , CD138-selected MM cells from patients with MM (n = 1227) (Zhan et al, 2006; Shaughnessy, Jr. et al, 2007) , and buffycoats from BM aspirate samples from MM patients (enriched with haematopoietic and MM cells but not mesenchymal cells; n = 26). MSC genes were defined by expression signal (log 2 ) of >10 in cultured MSCs and <9 in MM cells and haematopoietic cells. This approach is different than that used by Corre et al (2007) who identified genes differentially expressed between cultured MSCs from healthy donors and from MM patients, regardless of absolute expression in MSCs or whether they are also expressed by BM cells and MM cells.
ester (CFSE; 0.25 lmol/l; Sigma, St Louis, MO, USA), and visualized under a microscope to confirm the number and morphology of MSCs sorted into each well. The single MSCs were used for real time quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis.
Single-cell qRT-PCR
A total of 34 genes were selected for qRT-PCR amplification and analysis. These included MSC genes overexpressed in MM BM (COL4A1, COL4A2, POSTN, FN1, AHR, CSPG4) and MSC genes underexpressed in MM BM (IGFBP2, CYBRD1, FOXC1), (Schinke et al, 2018) as well as housekeeping genes (GAPDH, ACTB), haematopoietic cell markers
, ALCAM), cell cycle/proliferation markers (CCND1, MKI67, CDKN1A, CDKN2A), differentiation-associated markers (COL1A1, CYR61, RUNX2, TNFRSF11B, PPARG), and cytokines and chemokines (TGFB1, CXCL10, CXCL12, IGF1, IGF2). Gene expression was determined with the 192.24 integrated fluidic circuit, using Delta Gene assays, on a Biomark HD (Fluidigm, San Francisco, CA, USA), according to the manufacturer's protocol; data were analysed with Real-Time PCR Analysis software (Fluidigm). For each gene of each cell, delta Ct (DCt) was calculated by subtracting the Ct value from the mean Ct of the housekeeping genes (GAPDH, ACTB). Cells that expressed the haematopoietic cell markers (PTPRC, CD34) or low levels of the housekeeping genes were excluded from the analysis.
Single-cell MSC growth pattern and senescence assay
Wells with single cells were cultured in Minimum Essential Medium -a modification (aMEM) supplemented with 20% fetal bovine serum (FBS). Growth of single MSCs was monitored weekly with CFSE staining (0.25 lmol/l), and images were obtained with a Zeiss AX10 Observer.A1 microscope (Carl Zeiss Microimaging Gmbh, G€ ottingen, Germany) equipped with an Infinity 3 camera (Lumenera, Ontario, Canada). Upon reaching~50% confluence, cells were trypsinized and re-plated into 24-well plates to establish MSC lines from single cells. The growth patterns of single MSCs were segregated into four groups: single MSCs that remained single, single MSCs that divided only once, single MSCs that divided a few times and stopped, and single MSCs that were capable of expansion and generation of MSC lines. These lines typically grow as standard MSC cultures for a limited number of passages. Overall, 17, 18 and 24 MSC lines have been successfully generated from 3 different age-matched healthy donors, and 12, 7 and 8 MSC lines were generated from biopsies of 3 different patients. Senescence was assessed with the cellular senescence assay kit (Cell BioLabs, San Diego, CA, USA) that detects senescence-associated b-galactosidase (SA-bGal) in cells, according to the manufacturer's protocol.
Immunohistochemistry
Immunohistochemistry (IHC) was performed in bone biopsy sections, cultured chamber slides, and lipid layer cytospin slides. After peroxidase quenching (3% hydrogen peroxide, 10 min), slides were incubated with IGFBP2 (1:500 dilution, Novus Biologicals, Littleton, CO, USA), adiponectin (2 lg/ ml, LifeSpan BioSciences, Seattle, WA, USA) and CD36 antibodies (5 lg/ml, Novus Biologicals, Littleton, CO, USA). Assays were completed with Dako LSAB2 system-horseradish peroxidase (HRP) kit (Agilent Pathology Solutions, Santa Clara, CA, USA) and counterstaining with haematoxylin. For IGFBP2 and Ig kappa or lambda double-staining, the Multiview (mouse HRP/mouse alkaline phosphatase) IHC kit (Enzo Life sciences, Farmingdale, NY, USA) was used according the manufacturer's instructions. For sequential staining of adiponectin and IGFBP2, Doublestain IHC kit: M&R on human tissue (HRP/Green & Fast Red) was used (Abcam, Cambridge, MA, USA). To avoid false positivity, the counterstaining step with haematoxylin was omitted. An Olympus BH2 microscope (Olympus, Melville, NY, USA) was used to obtain images with a SPOT 2 digital camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA). Adobe Photoshop version 10 (Adobe Systems, San Jose, CA, USA) was used to process the images.
Primary adipocyte isolation
Bone pieces collected from normal femur heads were digested with collagenase I and collagenase II (0.5 mg/ml each; Worthington Biochemical, Lakewood, NJ, USA) and 0.5 mmol/l CaCl 2 at 37°C with agitation for 1 h. Following tissue digestion, the suspension was passed through a 40-lm sterile cell strainer (Fisher Scientific, Waltham, MA, USA) and centrifuged at 250 g for 5 min. The adipocytes, which form a layer at the top of the liquid, were washed twice, placed on top of 3 lmol/l Transwell inserts in 24-well plates (Thermo-Fisher Scientific, Waltham, MA, USA) or cytospun, and then subjected to IGFBP2 immunohistochemistry.
MSC priming
Standard cultures of MSCs were prepared as previously described Li et al, 2011 Li et al, , 2012 . Normal MSCs (5 9 10 5 cells/ml) were seeded into a 6-well plate and cultured overnight in aMEM (Gibco, Grand Island, NY, USA) containing 10% FBS and antibiotics at~70% confluence. These MSCs were then cultured alone (unprimed MSCs) or co-cultured with MM cells (5 9 10 5 /ml) for 3 days (primed MSCs). Primed and unprimed MSCs were trypsinized and re-plated in the 6-well plates for 40 min, and then washed 3 times to remove MM cells from co-cultures.
MSCs comprised more than 95% of the remaining adherent cells after co-culture. The unprimed and primed MSCs were subjected to the following analyses: (i) qRT-PCR of several MSCs markers including NT5E (CD73), THY1/ (CD90), FAP and FN1.
(ii) MSCs were cultured overnight in serum-free medium and the conditioned medium (CM) were collected for analysing the level of IGFBP2 secretion. (iii) MSCs were re-plated in 8-well chamber slides (Thermo-Fisher Scientific) or 24-well plates and subjected to adipocyte and osteoblast differentiation.
Adipocyte differentiation
Normal MSCs were plated in 8-well chamber slides (Thermo-Fisher Scientific) and cultured for 3 weeks in adipogenic induction medium containing 0.5 mmol/l isobutylmethylxanthine (Sigma-Aldrich, St. Louis, MO, USA), 1 lmol/l dexamethasone (Sigma-Aldrich), 10 lmol/l insulin (Sigma-Aldrich), and 100 lmol/l indomethacin (SigmaAldrich). Large adipocytes were detected with Oil Red O staining.
Osteoblast Differentiation
Primed and unprimed MSCs were re-plated in 24-well plates (Thermo-Fisher Scientific) and cultured for 3 weeks in osteoblastic medium, including a-MEM medium supplemented with 10% FBS, 10 mmol/l b-glycerophosphate (Sigma), 50 lg/ml ascorbic acid (Sigma) and 0.1 lmol/l dexamethasone (Sigma). For Alkaline phosphatase (ALP) activity, cells were washed with phosphate-buffered saline (PBS), fixed with 10% formaldehyde at room temperature and then stained with 5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium solution (Sigma) for 30 min at 37°C. Calcium deposition was visualized by alizarin red S (GFS Chemicals, Columbus, OH, USA). Briefly, cells were washed with PBS, fixed with 10% formaldehyde at room temperature and then stained with 2% Alizarin Red solution (pH 4.2) for 20 min. Imaging was performed using an AMG microscope (EVOS, Millcreek, WA, USA). Next, calcium deposition was quantified using 10% (w/v) cetylpyridinium chloride in 10 mmol/l sodium phosphate (pH 7.0), and absorbance was measured at 562 nm using spectramax 340 (Molecular Devices, San Jose, CA, USA).
Quantitative RT-PCR
Total RNA from unprimed and primed MSCs were isolated using RNeasy kit (Qiagen, Valencia, CA, USA) and cDNA was synthesized from 1 lg of total RNA using high capacity cDNA Reverse Transcriptase kit (Applied Biosystems, Foster City, CA, USA). The mRNA expression of indicated gene was quantified using SYBR Green Expression Assays on CFX Connect System (Bio-Rad, Hercules, CA, USA). The relative levels of indicated genes were calculated by using the comparative threshold cycle (CT) method after normalization to ACTB.
IGFBP2 secretion by MSCs
IGFBP2 levels in serum-free CM from cultures of unprimed and primed MSCs were profiled using Quantibody Human IGF Signaling Array 1 system (RayBiotech, Norcross, GA, USA) according to the manufacturer's specifications.
Effects of recombinant IGF1 and IGFBP2 on MM cell growth
The BM-dependent MM cell lines, M, D and I were established in our laboratory as previously described (Li et al, 2007) . To study the effects of IGFBP2 on MM cell growth, the three luciferase-expressing BM-dependent MM cell lines were cultured in serum-free aMEM for 48 h in the presence of IGF1 (40 ng/ml) and/or IGFBP2 (5 lg/ml) (R&D Systems, Minneapolis, MN, USA). After 48 h, D-Luciferin K+ Salt Bioluminescent Substrate (PerkinElmer, American Fork, UT, USA) was added to each well (1.5 mg/ml), and the bioluminescence was measured at 175 nm with a Synergy H1 hybrid reader (BioTek, Winooski, VT, USA) as described (Li et al, 2007) .
Statistical analyses
Significance was determined with the unpaired Student's t test. For each of the 469 MSC-associated probe sets identified by GEP, multiple comparison adjustments were used to calculate the q value. Values of experimental data are expressed as mean AE standard error of the mean (SEM). For single-cell qRT-PCR analyses, adjusted DCt for each gene in single MSCs of healthy donors and MM sample was calculated by subtracting the DCt of each gene from the mean of DCt of total cells and data were presented as adjusted mean DCt AE SEM. P values were calculated from unpaired t-tests for the two samples groups (donors and MM patients) with unequal variances for each gene.
Results
Impaired adipogenesis and enhanced angiogenesis are linked to expression of MSC genes commonly altered in FLs and in BM of patients with HR MM
We examined our MSC gene expression signature (Schinke et al, 2018) in MM to identify critical changes in mesenchymal cell populations. The signature includes 469 MSC-associated probe sets mapped to 345 MSC genes that encode extracellular matrix (ECM) proteins, cell-surface proteins, secreted proteins, and transcription factors (Table SI) . To further identify MSC genes whose expression is significantly impacted by MM, we compared MSC gene expression levels (i) in random interstitial BM biopsies of patients with molecularly-defined LR and HR MM and (ii) in paired biopsy samples from RBM and FLs (i.e., samples from two sites collected from the same patient); 41 of the MSC genes were differentially expressed in both comparisons (Fig 1A) . The genes most overexpressed were related to angiogenesis and ECM, including several collagen genes (e.g., COL4A1, COL4A2), POSTN and HSPG2. Interestingly, several under-expressed genes were associated with adipocytes, including insulin-like growth factor-binding Expression of MSC genes linked to adipocytes and angiogenesis was altered in whole-bone biopsies of MM patients with high-risk disease and in FLs. (A) Expression levels of probe sets differentially expressed in mesenchymal stem cells (MSCs) of paired biopsy samples (i.e., two samples from the same patient) from focal lesions (FLs) versus random bone marrow (RBM), and in patients with high-risk versus low-risk multiple myeloma (MM). The probe sets are listed based on a false discovery rate (FDR) <0.1 and expression difference > or < log2 0.25 between the tested groups. Note, in samples from patients with MM, of several genes associated with adipocytes (e.g. IGFBP2, AKR1C3) were downregulated and genes associated with angiogenesis (e.g. COL4A1, HSPG2) were upregulated. (B) Mean expression of IGFBP2 and COL4A1 is shown for MM plasma cells (MM PC; negative control) and for biopsies from healthy donors (N BX, n = 68); from patients with smouldering MM (SMM BX, n = 52), low-risk MM (LR MM BX, n = 467), and high-risk MM (HR MM BX, n = 64); and from FLs (FL BX, n = 178). Note gradual changes in expression of these genes at different disease stages of MM. GEP, gene expression profiling. [Colour figure can be viewed at wileyonlinelibrary.com] protein 2 (IGFBP2) and aldo/keto reductases (e.g., AKR1C1, AKR1C2, AKR1C3).
To determine whether MM risk status , disease stage or growth in FLs was associated with MSC gene expression patterns, we analysed expression of genes known to be associated with adiposity and angiogenesis, including the adipocyte-associated IGFBP2, which was underexpressed (Fig 1B) , and angiogenesis-associated COL4A1, which was overexpressed (Fig 1C) . We compared expression of the two genes in RBM biopsies from healthy donors and from patients with MGUS/SMM, LR MM and HR MM, and in FL biopsies. Expression of IGFBP2 was highest in samples from healthy donors and gradually decreased to its lowest level in samples from patients with HR MM. In contrast, expression of COL4A1 was lowest in samples from healthy donors, slightly elevated in those from MGUS/SMM, higher in those from LR and HR MM RBM, and highest in those from FLs (regardless of molecularlydefined risk). Overall, expression patterns of MSC genes in samples from patients with MGUS/SMM and LR MM were closer to those in samples from healthy donors, while expression patterns of MSC genes in samples from patients with HR MM were closer to those in samples from FLs. These findings illustrate the significant changes in expression patterns of MSCs in interstitial BM that occur during disease progression. These data also demonstrate that FLs are niches of HR MM and indicate that MSCs and their lineages may change in similar ways in FLs from all molecularly-defined risk groups and in RBM of patients with HR MM.
Unexpanded single MSCs are heterogeneous
We hypothesized that altered expression of MSC genes in MM whole-bone samples (Schinke et al, 2018) reflects changes in the proportion of MSCs with this expression signature. To address this hypothesis, we sorted individual unexpanded MSCs from healthy donors and MM patients and used qRT-PCR to measure expression of selected MSC genes (Schinke et al, 2018) and genes associated with osteoblastogenesis and adipogenesis. We also analysed expression of MKI67, CCND1, CDKN1A and CDKN2A (p16) as markers of cellular proliferation and senescence, and we used expression of PTPRC and CD34 to exclude cells of haematopoietic and endothelial origins.
We compared expression of single MSCs isolated from unexpanded bone biopsies from three healthy donors (total of 175 single MSCs) and from three patients with MM (total of 162 single MSCs) (Fig 2A) . Overall, typical MSC genes, such as COL1A1 and FN1, were expressed by more than 97% of normal MSCs, whereas markers associated with osteoblastic lineage (e.g., POSTN, TNFRSF11B) or adipocytic lineage (e.g., PPARG, LEPR) were expressed by fewer than 60% of normal MSCs. Factors associated with MSC differentiation to osteoblasts (e.g., RUNX2, FOXC1) and adipocytes (PPARG) and cell proliferation (MKI67) were expressed by at least 10% less MM MSCs than healthy donor MSCs, but the difference was not statistically significant.
Relative mean expression of NT5E, CYR61, PPARG, TGFB1 and MKI67 was significantly lower in single MM MSCs than from healthy donors (1.6 AE 0.16 DCt values), but relative mean expression of the senescence marker (CDKN2A) was higher (2.0 DCt values; P < 0.05) (Fig 2B) . These data demonstrate that single MSCs from either healthy donors or patients with MM have a high degree of molecular heterogeneity and that the differences in MSC signatures of healthy donors and MM patients (Schinke et al, 2018) cannot be explained solely by changes in gene expression of individual MSCs.
Single MSCs from MM BM are functionally quiescent
Reduced expression of MKI67 and increased expression of CDKN2A in single MM MSCs indicates that patients' MSCs have impaired proliferative potential. To investigate this possibility, we examined the ability of single MSCs to proliferate in vitro. The growth pattern of single MSCs was segregated into four groups: MSCs that did not divide, MSCs that divided only once, MSCs that underwent a few cell divisions and stopped, and MSCs that were capable of continued expansion (i.e. MSC lines) (Fig 3A) . Compared to single MSCs from healthy donors, a higher proportion of MSCs from MM patients did not divide, and fewer were capable of limited proliferation or generating an MSC line (Fig 3B) . Moreover, a higher proportion of MSCs from MM patients expressed the senescence marker, SA-bGal (Fig 3C, D) . Thus, under the indicated culture conditions, MM patients' MSCs are less likely to be proliferative or differentiate, which led us to hypothesize that the MM-associated differences in MSC gene expression (Schinke et al, 2018) reflect modifications in mesenchymal cell lineages that encompass most of the mesenchymal compartment in bone.
Low levels of IGFBP2 reflect reduced proportions of small adipocytes that produce IGFBP2 in BM of patients with MM IGFBP2 is secreted by adipocytes and is implicated in bone homeostasis and adiposity (Boney et al, 1994; Rahman et al, 2013; Xi et al, 2014; DeMambro et al, 2015) , and its levels are lower in BM than in blood of MM patients (Bieghs et al, 2016a) . We hypothesized that IGFBP2 could serve as a biomarker of BM adiposity. To address this hypothesis, we used immunohistochemistry to trace the cellular source of IGFBP2 in BM biopsy samples, and analysed the relationship to IGF1-induced MM cell growth.
IGFBP2+ cells were clearly evident in BM biopsies from patients with MGUS/SMM compared to patients with active MM. IGFBP2+ cells morphologically resembled MSCs and the small adipocytes that are frequently detected in clusters in areas enriched with haematopoiesis. Large, mature
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adipocytes were negative to weakly positive for IGFBP2. The smooth muscle cells that cover well-established arteries also were IGFBP2+ (not shown). The number of IGFBP2+ cells was higher in BM biopsies from patients with MGUS/SMM than in those from patients with MM, and the number was lower in biopsies from patients with HR MM than with LR MM (Fig 4A, B) . In cases with samples from multiple areas from the same patient, IGFBP2+ cells were evident in the uninvolved area but not in areas highly infiltrated with MM cells (Fig 4C, D) . These results suggest that IGFBP2 is a marker of a subpopulation of small adipocytes whose proportion in BM is reduced during disease progression.
To confirm that IGFBP2+ cells are mainly adipocytes, biopsy samples from healthy donors and MGUS/SMM patients were stained for adiponectin or were sequentially stained for adiponectin and IGFBP2. Adiponectin reactivity was more evident in small adipocytes than in large adipocytes (Fig 5A) . Sequential staining revealed that small adipocytes were heterogeneous in levels of IGFBP2, adiponectin and co-expression of both markers (Fig 5B) . These data indicate that adipocytes (particularly small adipocytes) produce high levels of IGFBP2 in BM.
Next, we further examined IGFBP2 expression in adipocytes. Cultured normal MSCs were differentiated into Gene expression was highly variable in individual MSCs, and expression of only a few genes (e.g., MKI67, CDKN2A) was significantly different between the two groups. *P < 0.05; ** P < 0.01; ***P < 0.002.
adipocytes, and both cell types were immunohistochemically stained for IGFBP2 and the adipocyte markers, adiponectin and CD36 (Mattiucci et al, 2018) . Undifferentiated MSCs were negative for adiponectin and CD36 but had low level of IGFBP2. In contrast, differentiated adipocytes showed strong staining in all three markers (Fig 6A) . GEP analysis of MSCs before and after differentiation into adipocytes confirmed marked upregulation of genes encoding all three proteins (Fig 6B) . In addition, primary small adipocytes from healthy donor BM (isolated by cytospin or Transwell filters) were positive for IGFBP2 (Fig 6C) . These findings further validate that adipocytes are the primary source of IGFBP2.
Priming MSCs with MM cells suppresses their differentiation to adipocytes and reduces their expression of IGFBP2
To test whether MM cells affect MSC differentiation into adipocytes and cause the reduction in IGFBP2, we primed normal MSCs with MM cells and then examined the effects on their ability to differentiate to adipocytes and to express IGFBP2. Expression of the MSC genes, such as NT5E, THY1, FAP and FN1, was similar between unprimed and primed MSCs ( Figure S1 ). However, priming MSCs by coculturing them with MM cells for 3 days resulted in substantially suppressed differentiation into lipid-containing large adipocytes (Fig 7A) or osteoblasts ( Figure S2 ). Furthermore, priming MSCs by culturing them in standard culture medium or in adipogenic induction medium resulted in lower IGFBP2 and adiponectin levels in MSCs that had been cultured with MM than those that were cultured alone (Fig 7B) . To determine whether cell-cell contact is necessary for IGFBP2 downregulation, normal MSCs were cocultured with MM cells with and without culture inserts that block cell-cell contact. Cell-cell contact resulted in marked suppression of IGFBP2 in MSCs, whereas expression of IGFBP2 was only partially inhibited without cell-cell contact (Fig 7C) . Conditioned media from MSCs primed by direct contact with MM cells also had lower levels of IGFBP2 protein (Fig 7D) . These data suggest that reduced production of IGFBP2 in bones of patients with MM is mediated through suppression of adipocyte differentiation and direct contact with MM cells.
IGFBP2 blocks the stimulatory effects of IGF1 on MM cell growth
Although the IGF axis is centrally involved in MM growth and has been extensively studied (Bieghs et al, 2016b) , the effects of IGFBP2 on MM cell growth have not been reported. Among the seven IGFBPs, only IGFBP2 is underexpressed in biopsy samples from MM patients compared to those from healthy donors (Fig 8A) . IGF1 is overexpressed, whereas IGF2 and the gene encoding its transcription factor enhancer, IGF2BP2 (Bell et al, 2013) , are underexpressed in myelomatous bones (Fig 8A) . IGF1, but not IGF2, is expressed also by MM cells and reportedly is abundant in the MM microenvironment (Bieghs et al, 2016b) . We therefore focused our functional test on IGF1 and showed that recombinant IGF1 significantly promoted short-term growth of three microenvironment-dependent MM cell lines cultured alone, without support from microenvironment cells (Fig 8B) . Recombinant IGFBP2 had no direct effect on growth but markedly abrogated the growth-stimulatory effects of recombinant IGF1 of these MM cell lines (Fig 8B) . These data suggest that reduced levels of IGFBP2 in the MM microenvironment result in increased bioavailability of IGF1 and IGF1-induced cell growth.
Discussion
In this work, we provide evidence that the BM of MM patients contains fewer MSCs with proliferative potential and fewer MSCs that express genes associated with their osteogenic or adipogenic differentiation potential. Using the MSC gene signature that we established (Schinke et al, 2018) , we further identified IGFBP2-expressing cells as a subset of adipocytes that is reduced as the disease progressed from MGUS to LR and HR MM. Co-culturing MSCs with MM cells inhibited their differentiation into adipocytes and osteoblasts, and reduced IGFBP2 expression and secretion. IGFBP2 effectively blocked the ability of IGF1 to stimulate MM cell growth. These results suggest that, in addition to inhibition of osteoblastogenesis (Yaccoby, 2010b), MM also inhibits formation of small adipocytes, a cell population that is closely associated with red marrow and haematopoiesis (Scheller et al, 2015) . Our findings also indicate that, similar to other mesenchymal cell factors, such as decorin, CYR61, and adiponectin (Li et al, 2008; Fowler et al, 2011; Johnson et al, 2014) , IGFBP2 functions as a MM-restraining factor that is suppressed during disease progression. We found the expression patterns of MSC genes in FLs from all risk groups were similar to those of MSCs in BM of patients with HR MM and that expression of most MSC genes was lower in FLs and in HR MM than in LR MM. Most overexpressed MSC genes are related to ECM and angiogenesis (e.g., COL4A1, POSTN), while underexpressed MSC genes are associated with a diverse range of cellular and biological activities of BM mesenchymal cells (e.g., transcription factors HOX10A, HOXB2, NFIX, FOXC1) and with adipogenic lineage (e.g., IGFBP2, AKR1C3). Reduced IGFBP2 expression is linked to a reduced proportion of small adipocytes -a distinct BM mesenchymal cell population that has not been implicated in MM pathogenesis. These findings highlight the role of FLs as a niche for HR MM and the possible involvement in MM progression of small adipocytes that produce high levels of factors, such as IGFBP2 and adiponectin.
To our knowledge, this is the first study to characterize MSC heterogeneity at the single-cell level in MM. The proportion of cells expressing MSC genes ranged from 99% (e.g., FN1) to 25% (POSTN) of normal MSCs. It was previously shown that individual MSCs heterogeneously express markers, such as THY1, NT5E and LEPR (Lv et al, 2014) . Most of the examined genes were not expressed differentially by individual MSCs from normal subjects compared to patients with MM. Nevertheless, single MSCs derived from MM had reduced proportions and mean levels of expression of genes related to proliferation (e.g., MKI67) and differentiation (e.g., RUNX2, PPARG), and increased expression of senescence marker CDKN2A. These changes in gene expression are associated with reduced proliferative potential of single MSCs in long-term cultures, supporting the speculation that MM cells directly induce a premature senescence phenotype in MSCs (Andre et al, 2013) .
The reduction in osteoblast numbers (Bataille et al, 1991) and increase in osteocyte apoptosis (Giuliani et al, 2012) in areas infiltrated with MM cells is well documented, but the involvement of other mesenchymal cell types, such as adipocytes and pericytes, is poorly defined in vivo. In this context, the adipogenic factor adiponectin inhibits MM cell growth and is suppressed in the BM of MM (Fowler et al, 2011) . IGFBP2 has been shown to act either as an oncogene or tumour suppressor, depending on tumour type and cellular context (Pickard & McCance, 2015) . Here, we show that IGFBP2 is highly expressed by small adipocytes, but not by mature adipocytes, within the BM. The number of IGFBP2+ cells is markedly reduced in FLs and in RBM of patients with HR MM. The reduced numbers of small adipocytes in MM might be induced through multiple mechanisms. First, as we have shown, the interaction of MM cells with MSCs leads to induction of senescence in MSCs and suppression of differentiation into adipocytes. This effect could be reversible depending the duration and intensity of MM cells-MSCs interaction (Dabbah et al, 2016) . Second, a subpopulation of distinct BM-'regulated' small adipocytes that are metabolically active and systemically regulated in physiological conditions (Scheller et al, 2015) may be suppressed by MM. Third, as shown in a 3-dimensional model of adipocyte-MM cell interaction, MM cells may use fatty acids in adjacent large adipocytes, causing the large cells to shrink and eventually be eliminated in areas highly involved with MM (Fairfield et al, 2018), as documented in our work. Our results suggest that mesenchymal cells play a critical role in orchestrating the activity of IGFs in the BM niches. IGF1 is abundant in myelomatous bone and is produced by MM cells and microenvironmental cells (Bieghs et al, 2016b) .
Our data indicate that mesenchymal cells are a major producer of IGF2 and IGF-binding proteins in BM, and that levels of IGF2 and IGFBP2 are suppressed in HR MM. IGFBP2 promotes osteoblast differentiation via IGF-dependent and -independent mechanisms (Xi et al, 2014) , and loss of IGFBP2 resulted in increased bone resorption in male mice, with similar effects in ovariectomized female mice (DeMambro et al, 2008 (DeMambro et al, , 2015 . Additionally, IGFBP2 is important for maintaining the haematopoietic stem cell niches in BM and in supporting haematopoietic stem cell survival and cycling (Kobayashi et al, 2010; Huynh et al, 2011) . Other studies showed that cleavage of IGFBPs by proteases also contributes to enhanced IGF1 bioavailability (Baxter, 2014) , suggesting that reduced levels of IGFBP2 in BM of patients with MM (Bieghs et al, 2016a) resulted from multiple mechanisms. It is likely that the changes in multiple factors related to the IGF axis in FLs and in the microenvironment of HR MM result in increased bioavailability of IGF1 and reduced bioavailability of IGF2. These changes may promote survival and growth of MM cells directly and, through induction of MM bone disease, indirectly.
The identification of regulatory small adipocytes and constitutive large adipocytes in BM (Scheller et al, 2015) may partially explain contradictory reports about the role of BM adipocytes in regulating haematopoiesis and tumourigenesis. While increased adiposity in BM is regarded as inhibitory for haematopoiesis (Naveiras et al, 2009 ), other studies show that adipocytes produce critical factors that promote haematopoiesis, such as adiponectin (Cawthorn et al, 2014) and stem cell factor (Zhou et al, 2017) . Acute myeloid leukaemia (AML) interrupts adipogenesis in red BM, leading to compromised myelo-erythroid maturation, which is negated by PPARG agonists, and repressed leukaemic growth (Boyd et al, 2017) . In contrast, BM adipocytes are induced by AML (Shafat et al, 2017) and MM cells (Fairfield et al, 2018) to increase lipolysis, resulting in release of fatty acids that are used by tumour cells. Therefore, understanding the functions of small and large adipocytes is clinically relevant with regard to understanding the roles of BM microenvironment in MM progression and to designing successful immune-based therapies. Obesity induced by a high-fat diet is associated with increased numbers and sizes of BM adipocytes Scheller et al, 2016) . Obese patients with MGUS are more likely to progress to MM (Landgren et al, 2010) , and lysolipids have been shown to be the source of antigenic origins in a subset of patients (Nair et al, 2016) . In contrast, caloric restriction causes a dramatic expansion of small adipocytes in BM and increased adiponectin levels (Cawthorn et al, 2014) . Circulating adiponectin levels are inversely correlated with MGUS progression to MM (Fowler et al, 2011) . Therapy also may impact BM adiposity. In a model of glucocorticoidinduced osteoporosis, chronic glucocorticoid treatment, as is often used in MM therapy, initially was associated with increased numbers of small adipocytes in BM, followed by adipocyte hyperplasia and severe osteoporosis later on (Li et al, 2013) . Data from patients undergoing therapy for ovarian or endometrial cancer showed that these patients display expansion of adipocytes in lumbar vertebral marrow and elevated serum levels of adiponectin, despite no change in total adiposity (Cawthorn et al, 2014) . Thus, developing approaches to increase the number of BM regulatory small adipocytes and simultaneously prevent adipocyte hypertrophy may help control MM. In summary, we show that expression of distinct MSC genes is altered in sites involved with focal growth of MM cells and in interstitial BM of patients with HR MM. These genes are differentially expressed by distinct subpopulations of mesenchymal cells, such as small adipocytes, and are altered at different stages of the disease.
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